(1) Diffusion tensor imaging was used to explain the occurrence of psychosis associated with Parkinson's disease. Psychosis was associated with an imbalance in the ratio of white-matter fibers in psychosis-related brain regions to those in parts of the extrapyramidal motor system. (2) The present study had some technical innovations. First, fractional anisotropy ratios between several brain regions were used to overcome the effects of brain volume on voxel acquisition. Thus, the relative degree of white-matter fiber injury in several brain regions could be compared well across patients. (3) During voxel acquisition, the layer and voxel size were kept constant in each patient. Voxel shape was designed and varied across several brain regions, increasing the accuracy of fractional anisotropy. Moreover, a three-dimensional volumetric rendering technique was used for positioning, increasing the accuracy of positioning.
INTRODUCTION
Psychosis is a common non-motor symptom of Parkinson's disease [1] , and the combination of the two is listed separately in the Chinese Classification of Mental Disorders-3 as psychosis in Parkinson's disease (coded as 02.13) [2] . Diagnostic criteria have been formulated by the National Institute of Neurological Disorders and Stroke and The National Institute of Mental Health on the basis of Diagnostic and Statistical Manual of Mental Disorder IV [3] . Patients with psychosis in
Parkinson's disease not only suffer from hypokinesia, tremor, and rigor, they also experience hallucinations and incongruous psychomotor excitation [4] [5] . These symptoms are associated with abnormalities in dopamine neuronal pathways [6] [7] .
Parkinson's disease and schizophrenia are mediated by dopamine and are considered to result from neural circuit abnormalities [1, [8] [9] [10] [11] . The dopamine system includes the midbrain, mesolimbic, nigrostriatal, and tuberoinfundibular systems. Parkinson's disease is primarily associated with abnormalities in the nigrostriatal system [12] [13] , while psychiatric symptoms are primarily associated with abnormalities in the midbrain and mesolimbic systems [14] [15] [16] . The pathophysiological mecha-nism for Parkinson's disease is the degeneration and necrosis of neurons within the midbrain substantia nigra, which reduces the amount of dopamine in the nigrostriatal pathway and induces an imbalance of dopamine and acetylcholine in the corpus striatum [17] [18] [19] [20] . An imbalance in thalamocortical projection neurotransmitters causes hypokinesia and rigor, which is associated with disordered gait and posture [21] [22] . Previous studies have shown that psychiatric symptoms might be associated with increased levels of dopamine, increased density of D2 receptors, and hyperfunction of the substantia nigra and corpus striatum [23] [24] .
Studies of neurological function have demonstrated that the temporal lobe, occipital lobe, limbic system, and frontal association areas are linked to psychosis [25] [26] . Injury to Brodmann areas 9 and 10 has been associated with cognitive disorders, lack of insight, behavior disorders, over-excitation, lack of impulse control, and attacking behavior [27] [28] . Additionally, injury to Brodmann areas 18 and 19 has been associated with visual hallucinations [27] [28] . Injury to the limbic system, including the hippocampus, amygdala, and cingulate gyrus, has been associated with behavior disorders and emotional alterations [27] [28] . Therefore, Parkinson's disease with psychosis should be associated with the extrapyramidal motor system, frontal cortex, occipital cortex, and limbic systems. To understand the mechanism by which Parkinson's disease and psychosis co-occur, this study selected the substantia nigra, globus pallidus, frontal lobe, occipital lobe, and occipital lobe, cingulate gyrus, and hippocampus as research areas.
Diffusion tensor imaging is a functional nuclear magnetic resonance technique that can evaluate tissue integrity using water molecule diffusion anisotropy in directional tissue [29] [30] . Water molecule diffusion is identical in uniform homogenous tissues such as gray matter and cerebrospinal fluid, showing isotropy. However, diffusion of water molecules vertical to the direction of white-matter fibers is affected by the distribution and compactness of nerve-fiber bundles and the thickness of myelin sheaths. Diffusion under these conditions is markedly slower than diffusion along the direction of fibers, thus showing anisotropy. The degree of anisotropy is commonly determined by fractional anisotropy. Fractional anisotropy is measured by calculating diffusion tension using diffusion tensor imaging. High fractional anisotropy shows uniform fiber distribution, tight arrangement, and normal myelin sheaths. Reduced fractional anisotropy indicates that the fine structure of fibers is damaged. Extracorticospinal regions such as the substantia nigra, red nucleus, thalamus, lenticular nucleus, and caudate nucleus are important areas to consider when studying Parkinson's disease using diffusion tensor imaging [31] [32] [33] [34] [35] [36] . Fractional anisotropy in
Parkinson's disease patients has been demonstrated to be lower in the substantia nigra and globus pallidus compared with healthy individuals [31] [32] [33] [34] [35] [36] . Similarly, the frontal lobe, occipital lobe, cingulate gyrus, thalamus, and hippocampus are important areas to consider when studying psychosis using diffusion tensor imaging [37] [38] [39] [40] [41] [42] [43] .
White-matter tracts in the frontal lobe, occipital lobe, and cingulate gyrus have been reported to be reduced to varying degrees in several psychoses [37] [38] [39] [40] [41] [42] [43] . While T1-weighted images are commonly used to position the structures in diffusion tensor imaging [44] , three-dimensional volumetric rendering techniques are also used [45] . As no study has used diffusion tensor imaging to investigate psychosis in Parkinson's disease, we used diffusion tensor imaging to determine whether the degree of white-matter fiber injury in brain regions associated with psychiatric symptoms is different from that which occurs in the extrapyramidal motor system.
The methods for studying the pathogenesis of psychosis associated with Parkinson's disease included autopsy [20] , electrophysiology [46] , single-photon emission computed tomography [47] [48] , and T2 weighted MRI [49] . The occurrence of psychosis in Parkinson's disease patients has been associated with imbalances in dopamine, serotonin, and acetylcholine levels [20, [50] [51] , and the affected regions are primarily the midbrain and cortex [23] [24] . Hallucination has been associated with increased activity of dopamine in the limbic lobe [16] . Birkmayer and Hornykiewicz [20] confirmed that cholinergic cell loss and imbalances in serotonergic and cholinergic transmitters occur in temporal and parietal cortices in Parkinson's disease patients with psychosis. Diederich and colleagues [46] found that visually evoked potentials are prolonged in Parkinson's disease patients who experience visual hallucinations. While electrical activity in the frontal lobes of patients with psychosis in Parkinson's disease was relatively greater than that in Parkinson's patients without psychosis, activity in occipital cortex was relatively less. Oyishi and colleagues [47] verified that visual hallucinations experienced by Parkinson's disease patients are associated with hypoperfusion of the right medial occipitotemporal gyrus and hypertransfusion of the superior temporal gyrus and inferior temporal gyrus.
Regional cerebral blood flow has been shown to be less in the frontal lobes of patients with psychosis in Parkinson's disease, and to increase after electric shock therapy [48] . An MRI study revealed that the occurrence of visual hallucinations was associated with injury to occipital cortex white matter [49] . Here, we conjectured that the occurrence of psychosis in Parkinson's disease patients is associated with clear damage to psychiatric symptom-related brain regions, and used diffusion tensor imaging to determine whether it was associated with an imbalance in the ratio of white matter fibers in these regions to those in parts of the extrapyramidal motor system. This study used diffusion tensor imaging to measure the fractional anisotropy in frontal cortex (Brodmann areas 9 and 10), occipital cortex (Brodmann areas 18 and 19), cingulate gyrus, hippocampus, substantia nigra, and globus pallidus. A three-dimensional volumetric rendering technique was employed for positioning. The frontal cortex, occipital cortex, cingulate gyrus, and hippocampus were considered regions of interest related to psychiatric symptoms [52] , and the substantia nigra and globus pallidus were considered regions of interest related to Parkinson's disease [53] . The relative degree of white-matter fiber injury was determined by calculating the ratio of fractional anisotropy between the two brainregion groups. This ratio was then compared between Parkinson's disease patients with and without psychosis.
RESULTS

Quantitative analysis of subjects
Of 66 Parkinson's disease patients, 18 patients with psychosis who did not receive antipsychotic treatment comprised the Parkinson's disease with psychosis group. The remaining 48 patients without psychosis comprised the Parkinson's disease without psychosis group. Data from all subjects were used in the final analyses.
Baseline analysis of subjects
There was no significant difference in age or gender between the two groups. The course of disease was longer in Parkinson's disease patients with psychosis than in those without (P < 0.01; Table 1 ). Diffusion tensor imaging shows that the ratios of fractional anisotropy in the left frontal lobe, bilateral occipital lobe, left cingulate gyrus, and left hippocampus to that in the ipsilateral substantia nigra were significantly lower in Parkinson's disease patients with psychosis than in those without (P < 0.05 or P < 0.01), indicating that the degree of white-matter fiber injury was relatively higher in these psychosis-related regions compared with that in the substantia nigra in Parkinson's disease patients with psychosis ( Table 2) .
Ratio of fractional anisotropy in psychosis-related brain regions to that in the substantia nigra of Parkinson's disease patients with and without psychosis
Ratio of fractional anisotropy in psychosis-related brain regions to that in the globus pallidus of Parkinson's disease patients with and without psychosis
The ratio of fractional anisotropy in bilateral frontal lobe (areas 9 and 10), occipital lobe (areas 18 and 19), cingulate gyrus, and left hippocampus to that in ipsilateral globus pallidus was significantly lower in Parkinson's disease patients with psychosis than in those without (P < 0.01), indicating that the degree of white-matter fiber injury was more severe in these psychosis-related regions than in the globus pallidus (Table 3) .
Comparison of fractional anisotropy in the substantia nigra and globus pallidus between Parkinson's disease patients with and without psychosis Fractional anisotropy in the substantia nigra and globus pallidus did not significantly differ between the two groups (P > 0.05; Table 4 ).
Comparison of fractional anisotropy in the psychiatric symptoms-related brain regions between
Parkinson's disease patients with and without psychosis Fractional anisotropy of the frontal lobe, occipital lobe, cingulate gyrus, and left hippocampus was significantly lower in patients with psychosis than in those without (P < 0.01 or P < 0.05; Table 5 ). Fractional anisotropy of the right hippocampus did not differ between the two groups.
DISCUSSION
Diffusion tensor imaging is a functional nuclear magnetic resonance technique that can evaluate tissue integrity using water molecule diffusion anisotropy in directional tissue [29] [30] . Fractional anisotropy measured by diffusion tensor imaging reflects the degree of fiber injury. A previous study using diffusion tensor imaging demonstrated that while depression associated with Parkinson's disease was associated with reduced numbers of amygdala-related white-matter fibers [54] , dementia associated with Parkinson's disease was primarily associated with reduced numbers of white matter in the temporal lobe and hippocampus [55] . The ratio of fractional anisotropy found in the left frontal lobe, bilateral occipital lobe, left cingulate gyrus, and left hippocampus to that in the ipsilateral substantia nigra was significantly less in the Parkinson's disease with psychosis group than in the Parkinson's disease without psychosis group (P < 0.05 or P < 0.01; mean ± SD; two-sample t-test). The ratio of fractional anisotropy found in bilateral frontal lobe, occipital lobe, cingulate gyrus, and left hippocampus, to that in the ipsilateral globus pallidus was significantly less in the Parkinson's disease with psychosis group than in the Parkinson's disease without psychosis group (P < 0.01; mean ± SD; two-sample t-test).
Our results confirmed that compared with Parkinson's disease patients without psychosis, those with psychosis suffered greater white-matter fiber damage in the left frontal lobe, bilateral occipital lobe, left cingulate gyrus, and left hippocampus than in either the substantia nigra or the globus pallidus. Additionally, for these patients, damage to white-matter fibers in the right frontal cortex and right cingulate gyrus was also more severe than in the globus pallidus, but not the substantia nigra. No significant difference in fractional anisotropy of the substantia nigra or globus pallidus was detected between Parkinson's disease patients with and without psychosis. However, fractional anisotropy of the frontal lobe, occipital lobe, cingulate gyrus, and left hippocampus was lower in Parkinson's disease patients with psychosis than in those without. These results indicate that the degree of white-matter fiber injury was more severe in psychiatric symptom-related brain regions than in the basal ganglia or midbrain, and could be the basis for psychosis in Parkinson's disease patients. The injuries to both the extrapyramidal motor system and psychiatric symptom-related brain regions should be associated with the long course of Parkinson's disease [56] and extensive neuronal damage induced by antiparkinsonian drugs [57] . This is consistent with experimental data demonstrating that the course of disease in Parkinson's disease patients with psychosis is relatively long compared with those without psychosis. Results from the present study showed that compared with Parkinson's disease patients without psychosis, those with psychosis showed greater damage to white-matter fibers in the occipital lobe, left hippocampus, most regions of the frontal lobe and cingulate gyrus, but not the right hippocampus. The greater damage to white matter fibers was more apparent in frontal cortex and the cingulate gyrus than in occipital or left hippocampal regions. These phenomena were probably associated with visual hallucinations suffered by patients with psychosis in Parkinson's disease [3] . Indeed, experimental data revealed that 12 patients (67%) with psychosis in Parkinson's disease also suffered from visual hallucinations. Occipital lobe abnormality is a major cause underlying visual hallucinations. Frontal lobe and cingulate cortex were associated with behavior disorders [28] . Experimental data showed that eight patients (44%) with psychosis associated with Parkinson's disease experienced behavior disorders.
Similar to previous studies, this study used diffusion tensor imaging to investigate Parkinson's disease and psychosis. However, the present study employed several technical innovations. First, measuring the fractional anisotropy ratios of several brain regions was used to overcome the effects of brain volume on voxel acquisition. Thus, the relative degree of white-matter fiber injury in these brain regions could be compared well across patients. In addition, during voxel acquisition, the layer and voxel size were kept constant in each patient. Voxel shape was designed and varied across brain regions, increasing the accuracy of fractional anisotropy. Moreover, a three-dimensional volumetric rendering technique was also used for positioning, increasing the accuracy of positioning. No significant difference in fractional anisotropy was detected in the substantia nigra or the globus pallidus between the two groups (two-sample t-test). Fractional anisotropy of the frontal lobe, occipital lobe, cingulate gyrus, and left hippocampus was significantly less in the Parkinson's disease with psychosis group than in the Parkinson's disease without psychosis group (P < 0.05 or P < 0.01; mean ± SD; two-sample t-test).
Using fractional anisotropy ratios of several brain regions, diffusion tensor imaging can be used to observe the relative degree of injury in brain regions associated with mental diseases, information that is valuable in the clinic and in scientific research.
SUBJECTS AND METHODS
Design
A retrospective case analysis. 
Time and setting
Subjects
Parkinson's disease patients from the resident Han population in Yunnan Province underwent diffusion tensor imaging. Of them, 18 patients had psychosis in Parkinson's disease, and did not receive antipsychotic treatment. Of these 18 patients, 12 (67%) had visual hallucinations, eight (44%) suffered from agitation, poor impulse control, and attacking behavior, and one (6%) suffered from thought disturbance. Mini-Mental State Examination showed that nine patients (50%) had cognitive dysfunction (above mild). Of the remaining 48 Parkinson's disease patients without psychosis, 20 patients (42%) had cognitive dysfunction (above mild) measured by the Mini-Mental State Examination [58] .
In accordance with Administrative Regulations on Medical Institutions, formulated by the State Council of China [59] , the purpose, scheme, and risks were explained to the patients before the experiment, and they then gave their signed consent.
Inclusion criteria for the Parkinson's disease with psychosis group
(1) Have at least one of the following characteristic symptoms: perceptual errors, hallucinations, or delusions.
(2) Meet the UK Brain Bank criteria for Parkinson's disease [60] .
(3) The symptoms described in (1) 
Methods
Diffusion tensor imaging
Three-dimensional volumetric rendering
Sagittal 3D-CUBE: A repetition/echo time of 6 000.0 ms/ 141.2 ms, a bandwidth of 31.2 kHz, a slice thickness of 1.2 mm, a matrix of 320 × 256, no interslice gap, and an echo train length of 140 ms. Substantia nigra, globus pallidus, frontal cortex (areas 9 and 10), occipital cortex (areas 18 and 19), cingulate gyrus, and hippocampus were positioned through cross-section of the hypothalamus, interventricular foramen, and two planes above the body of the corpus callosum.
Diffusion tensor imaging scanning
Transverse axial scanning was performed using single-shot spin echo echo-planar imaging sequences. The scanning plane was parallel to anterior commissureposterior commissure line. The b value was 1 000 s/mm 2 , and the number of diffusion-gradient directions was 15. Scanning parameters were as follows: The repetition/ echo time was 8 000.0 ms/87.6 ms, the field of vision was 230 mm × 230 mm, the sampling matrix was 128 × 128, the reconstruction matrix was 256 × 256, there were 28 total slices each with a thickness of 3.5 mm, the interslice gap was 0 mm, and there was one excitation. Image reconstruction was analyzed and processed on an AW4.3 work station using Functool 4.5.5 software (General Electric Advantage Windows 4.5.5, Waukesha). Relative parameters were set to: An angle threshold of 27.0 and anisotropy threshold of 0.15. Fractional anisotropy and directionally encoded color maps were obtained through reconstruction by the same physician. Fractional anisotropy was collected at regions of interest using Functool software. The pixels were constant in each region of interest, with bilateral symmetry.
Establishment of locations and voxels for each region of interest
A three-dimensional volumetric rendering technique was used to position the substantia nigra, globus pallidus, frontal lobe areas 9 and 10, occipital lobe areas 18 and 19, cingulate gyrus, and the hippocampus. Voxel acquisition was done in the transverse plane (Figure 1 ).
In the cross-section through the hypothalamus, fractional anisotropy of the substantia nigra was obtained using an oval voxel (Figure 2A ) that was 60 ± 10. In the cross-section through the interventricular foramen, fractional anisotropy of the globus pallidus was obtained using a triangular-like voxel ( Figure 2B ) that was 100 ± 10. In the two planes above the body of the corpus callosum, fractional anisotropy of frontal lobe areas 9 and 10 was obtained using a rectangular voxel ( Figure 2C ) that was 300 ± 10. In the cross-section through the interventricular foramen, fractional anisotropy of the occipital areas 18 and 19 was obtained using a wedgeshaped voxel ( Figure 2B ) that was 250 ± 25. In the two planes above the body of the corpus callosum, fractional anisotropy of the cingulate gyrus was obtained using a rectangular voxel ( Figure 2C ) that was 1 000 ± 100. In the cross-section through the hypothalamus, fractional anisotropy of hippocampus was obtained using an oval voxel that was 150 ± 15 ( Figure 2A ).
Relative conditions of white-matter fiber damage in different functional brain regions revealed by the ratio of fractional anisotropy
In both patient groups, fractional anisotropy of the cortical regions mentioned above was compared with the fractional anisotropy of ipsilateral substantia nigra or globus pallidus, thus obtaining group values that indicated the degree of white-matter fiber damage in the cortical regions relative to the substantia nigra or globus pallidus.
Statistical analysis
Data are expressed as mean ± SD, and numeration data are represented as constituent ratio. All data were analyzed using SPSS 13.0 software (SPSS, Chicago, IL, USA). Intergroup comparison was done using two-sample t-test and chi-square tests. A value of P < 0.05 was considered statistically significant. 
